. After binding to the fila t, he motor is thought to undergo a rctural change, the power stroke, that produces an increment of movement The protein then releases the filament before rebinding to a different site on the filament, thereby initiating another cycle. Support for this model derives mainly from biochemical sudies performed in solution, which show that the ATP hydrolysis reaction is a sequential one in which the motor has high affinity for the nucleotide or for the filament, but not for both. The motor must bind to the filament to catalyze product release (for inesi see Hackny, 1988) and, after product release, the motor must bind ATP to catalyze filament release (for kiesin, see Brady, 1985; Vale et al., 1985a).
INTRODUCTN
Cellular motility is mediated by motor proteins, such as myosin, dynein, and kinsin which are enzymes that convert the chemical energy derived from the hydrolysis of the gamma phoshate bond of ATP into mechanical work. Myosin drives muscle contraction by t g on actin filaments, dynein propels the bating of sperm by searing coniguous microtuules, and kinesin tanspot oganelles by carrymg them along miroubules.
The sanard el for chemomechanical transduction postulates a cyclic reaction between the motor and the filament (Huxley, 1969; Lymn and Taylor, 1971) . After binding to the fila t, he motor is thought to undergo a rctural change, the power stroke, that produces an increment of movement The protein then releases the filament before rebinding to a different site on the filament, thereby initiating another cycle. Support for this model derives mainly from biochemical sudies performed in solution, which show that the ATP hydrolysis reaction is a sequential one in which the motor has high affinity for the nucleotide or for the filament, but not for both. The motor must bind to the filament to catalyze product release (for inesi see Hackny, 1988) and, after product release, the motor must bind ATP to catalyze filament release (for kiesin, see Brady, 1985; Vale et al., 1985a) .
This model has been difficult to test because the molecular events underlying the motor reaction-the distance moved per ATP hydrolyzed, the force generated by a single motor Revdfor Second, the intreation of biochemial stdies of the ATP hydrolysis mechanism is ericted because in solution the motors are unlaed, and, at least in muscle, load also has a amatic effect on the reation (Fenn, 1924; 11, 1938) .
The development ofin vitro motility assays, which permit the study of motility by a small number of purified motor molecules (Sheetz and Spudich, 1983; Allen et al, 1985; Vale et al., 1985b ; Kron and Spudich, 1986) , promises to circumvent these two problems.
We have chosen kinesin as a model motor for study because single molecules of kinesin are sufficient to generate motility in vitro (Howard et al., 1989; Block et al., 1990) . Studying single motors is important because even in vitro, motors acting on the same filament can interact (for myosin, see Warshaw et aL, 1990) and thereby obscure the underlying events. Unlike myosin and flageliar dynein, which operate in large afrays in vivo, kinesin operates alone or in small numbers to move vesicles along microtubules (Miller and Lasek, 1985) . This property of kinesin has permitted the development of assays in which the motility of a single kinesin molecule can be studied: microtubules glide across glass surfaces that are very sparsely coated with kinesi and the diffusive rotatory motion superimposed on the microtubule's directed traslation indicates that the microtubule is attached to the surface at only a single point, the location of the motor (Howard et al., 1989; Hunt and Howard, 1993a) . Dilution experiments indicate that the functional motor is a single kiin molecule (Howard et aL, 1989 , Block et al., 1990 .
Several mechanical properties of kinesin have been deduced from in vitro motility assays. Kinein moves toward the plus, or fast-growing, end of the polar microtubule filament (Vale et al., 1985a; Howard and Hyman, 1993) . The high torsional flexibility of kinesin allows kinesin, when fixed to a glass surface, to move microtubules equally quickly in any direction with the minus end always leading (Hunt and Howard, 1993a) . Microtubules are typically composed of 13 parallel protofilaments in which the 8 nm long tubulin dimers are arranged head-to-tail (Amos and KIug, 1974) . Observations of the rotation of microtubules of various protofilament number indicate that kinesin follows a path parallel to the protofilaments with high fidelity (Ray et al., 1993) . Because there appears to be only one high affinity kinesin binding site per dimer (Harrison et al., 1993 ; although steric interference of neighboring kinesin molecules has not been ruled out), kinesin's step size, defined as the distance between sites on the microtubule surface to which kinesin consecutively binds, must be a multiple of 8 rum, the interdimer distance. High sensitivity displacement measurements show that under some circumstances kinesin dwells at 8-nm intervals as it moves along the microtubule (Svoboda et al., 1993) , indicating that the step size is probably 8 rum. This step size is consistent with the speed with which single kinesin molecules can move microtubules (500-1000 nmms-') because, in solution, each of kinesin's two motor domains can hydrolyze ATP at a rate as high as 50-100 s-' (cycle times of 10-20 ms) (Kuznetsov et al. (1989) ; but see, e.g., Gilbert and Johnson (1993) , who measured a lower ATPase of 10 s-').
T"he pressing question is: How does the motor reach the next binding site, a distance of 8 nm away in the direction of the plus end? Because this distance is smaller (only just!) than the length of kinesin's motor domain, -10 nm (Hirokawa et al., 1989; Scholey et al., 1989) , it is conceivable that the step is bridged by a large structural change within the motor. Such a motion has been postulated for myosin (the rotating cross-bridge model; Huxley, 1%9) and is compatible with the molecular structure of the myosin motor domain, which has a long a-helical segment that could act like a lever to amplify the displacement associated with the opening and closing of the ATP-binding cleft (Rayment et al., 1993) . Alternatively, instead of one large motion, the distance could be spanned by a diffusive process that is somehow directed by the motor's ATP-hydrolysis mechanism (Huxley, 1957; Braxton, 1988; Braxton and Yount, 1989; Vale and Oosawa, 1990; Pate and Cooke, 1991; Cordova et al., 1992) .
To answer this question, we have examined how externally imposed forces influence the motion. In this study, the load on a single kinesin molecule has been increased by raising the viscosity of the solution through which the microtubule is moved, and the effect on microtubule gliding speed was measured (Fig. 1) . Because the cell's cytoplasm is crowded with cytoskeletal filaments, the mobility of organelles is very low (Luby-Phelps et al., 1986) , and so we might expect that an organelle motor like kinesin is well adapted for working against drag forces. Drag forces, in addition to being physiologically relevant, offer the unique ad-V * FD FIGURE 1 A single kinesin molecule attached to a casein-coated (globular objects) glass surface exerts force against a microtubule. The thick arrows indiate the dection ofthe motor force (Fm) and the viscous drag force (FD). The thin arrow indicates the drection of microtubule movement at speed v.
vantage that they are present only while the motor is moving: thus, changing the viscosity permits us, with some selectivity, to perturb only the force-generating phase of the motor reaction without influencing any stationary, or non-forcegenerating phase. Another advantage of this approach is that by increasing the viscosity, diffusion is slowed down, and we can therefore test models in which diffusive motions play a major role. A preliminary report on this work has appeared (Hunt and Howard, 1993b) .
MATERIALS AND METHODS

Motlity asays
All observaion were made in 75-pm-deep perfusion chambers bounded at the bom by a gla microscope slide and on top by a coverglass (Howard et al, 1989 . The standard buffer sohlion contained 80 mM Pipes, 1 mM EGTA, and 2 mM MgC2 and was adjusted to pH 6.9
with KOHI All reagents were obtained from Sigma Chemical Co. (St Louis, MO). The glass surfaces were precoated by intoducing 25 mg/mi casein in standard buffer solution into the chamber. Bovine brain kinesin, an a,2 tetramer Hunt and Howard, 1993a) , was diluted into standard buffer solution augmented with 250 pg/ml casein, and then mtnducd at 7-70 ng/ml for nucleotide-fiee assays, and at 55-100,000 ng/ml for motflity assays. The density of kinesin was calcula assuming complete adsorption of kinesin to the glass surfaces during the 5 min allwed for adsorpti This overestimates, by at least a factor of 10, the density of functional kinesin on the covergla surface at which all of the fluorescence microscopic observatios were made; approximately 10-fold higher kinesin concentrations were required to achieve the same rate of microtubule bindmg to motors on the coverglass surface as on the micoscope slide surface Hunt and Howard, 1993a) .
Both fluorescendy labeled (Hyman et al., 1991) and -unlabeled microtubules were polymerized from phosphoceliulose-purified bovine brain tubulin (Howard et aL, 1989 and diluted 100-to 1000-fold to -0.1 mg/ml in standard buffer solution or visc-mix soution (see below) augented with 10 jIM taxol (Drug Synthesis and Chemistry Branch, National Cancer Institute, Bethesda, MD) to prevent depolymerizato In some eases, the microtubuies were triturated to lngths of 1-5 jpm by passing the solution through a 30-gauge needle before intoducn into the perfusion chamber. After intoduction of the microtbules, the ends of the perfusion chambers were sealed with grease to prevent fluid flow caused by evaporation. Temperature was regulated to between 28 and 33°C using either a temperature-regulated blow dryer to heat the general vicinity of the perfusion chamber and microscope or by circlation of heated water through a copr coil wrapped aroumd the micrscpe objective. The temperatu of some perfusion chambers was measured using 50-pm-diameter T- , 1986) . Some digitized images were corrected for field distortions in the camera-TypKally, the bead and mi bu coordinates were digitized every 3-30 frames (100-1000 ns)
Measurement of microtubule speed
At low viscosity and low kinesin density, the mirotuls pivot about the point at which the kinesin mokcak is ocated (Howard et al, 1989) To detemie the speed, the distance between the leading end of the mirotuibue and the fixed pont around which it swiweled was measured. The speed (and associated SE) was ued by lnear reg ion rom the plot of these dista s versus time.
In all othr cases, the speed was measured over timeswhen the trajectory of the microtubue was linear: that is, the m i did not swiveL A line was fit throug the trajeory (m the x-y plane) of the leading end of the microtubul. The distance moved along the trajectory was c lated m the prjecion of the x-y posiin onto this linear tajectory. The mean and SE of the speed was then computed from the plot of distance vems time. Table 1 , the ratio of the measued diffusion coefficients in vsc-mix to those predicted by dteory (using s for the vissity) was 0.64 00.03 for a microumbu's center of mass and 0.64 ± 0.11 for microtubu rotatin The similarity of these valus indmtes that vi-mix sbws diffusion equally in the dedons p e and palel to a microtubue's axis; visc-mix does notdisplay ge-lhike behavior. We do not stnd why these ratios were kss than one, as was also found for rotatory diffusin of microtubuis in 60% gyceroL A possible expt f the low ratios is tha the small intrinsic cuvatue of onr microtuimes (Gittes et aL, 1993) gave rie to Luger effective hydrodynanic diame
where k is the Btzn constant and T is the absolute temperature.
The diffusion coefficints of the 280-nm beads in visc-mix were consistent with the m c viscosity of visc-mix. In 78% visc-mix, the ratio of the measured diffusion coeffiint and the diffusion coefficient predicted frm 7, the high shear viscosity, was 0.90 ± 0.05 (Table 1) Because the average speed of a diffusing bead is very large, the flid shear arond the bead wiIl also be large, and so we expect the high shear visc y ib to be the iae measure. This was indeed the case. Similar experiments were peromed usigr m i In this case, the rotational (Dj and center of mas (D,,) (Fig.  1) . The underlying idea is that as the viscosity is increased, the drag force exerted on the microtubule by the solution will approach the maximum force that the motor protein can exert, and so the speed of movement will decrease. The higher the viscosity and/or the longer the microtubule, the greater the drag force and, thus, the smaller the speed of movement In this way, the relationship between the speed of movement and the drag force can be measured and, by extrapolating to infinite viscosity or infinite microtubule length, the maximum motor force can be estimated.
Low viscosity solutions (71 < 1.0 mNs-m->) impose virtually no load on kinesin because the longer microtubules move at the same speed as the shorter ones (Fig. 4) . This is true regardless of whether the surface is coated with kinesin at high density, in which case we expect that the motion is caused by several kinesin molecules or, at low density, in which case, based on several lines ofevidence, the movement is likely caused by single kinesin molecules (see Introduction). For the longest microtubule moving in the low density assay, the time-averaged drag force is 0.18 pN (Eq. 2); because this microtubule is but little slowed compared with shorter ones, it follows that the single motor force must be much greater than 0.2 pN, and that the viscosity of the solution must be raised at least 10-to 100-fold to significantly load a single kinesin motor.
Therefore, we sought and found a high viscosity solution with which we could increase the viscosity of the solution up to 100-fold without poisoning the motor. The solution, which we called v -mix, was composed of the polysaccharides Length (,um) FIGURE 4 In standard buffer (ij = 0.8 mN-s m-2) the sped at which insin translates micrnobles is independent of the mirotubule length In this figure and Fig. 6A , high kinesin density cor to a surface density of -6000 kinesin molecules/p.m2. Low kinesin density corresponds to 17 kinesin moules/lm2 for m kibue rangmg from -0 to 10 p.m i length, and 3.4 molecules/p.m2 for microtubules longer than -10 pn. These surface densities assume complete adsorption of kinesin from the solutions.
Not all of the kinein might be funtonal. (Fig. 4) ). This shows that the motor reaction was not inhibited by these solutes. At high kinesin density and high viscosity, the speed of movement was independent of microtubule length (Fig. 6 A) . This is not surprising because we expect that the number of motors acting on a microtubule and the viscous drag force should both increase in proportion to a microtubule's length; thus, the longer microtubules will have more motors to overcome the larger drag force. When the density of kinesin was reduced, microtubule gliding was still observed in high viscosity medium (Fig. 5 , B and C). At the lowest densities, where we expect that the motility is driven by single kinesin molecules, microtubules moved continuously through visc-mix for a number of microns before stopping (2.0 + 1.0 run, mean + SD, n = 6).
This behavior is similar to that seen in low viscosity solutions (distance traveled of 3.6 + 2.7 pm, n = 6). The effect of the high viscosity medium was to reduce the speed of movement of microtubules (Fig. 5 , B and C), consistent with the possibility that the drag force was significantly loading the motors. This interpretation was strengthened by the finding that at kinesin densities less than 10 Lm-2, at which we expect that the movement is caused by single kinesin molecules, the longer microtubules moved more slowly than the shorter ones (Fig. 6 B) (Fig. 6 B) .
We did several control experiments to rule out specific chemical effects of visc-mix on the motility. First, the slowing was not caused by insufficient ATP because a 10-fold increase in the Mg-ATP concentration had no effect on the speed of microtubule translation in 70% visc-mix; at high kinesin density, the average speed was 0.49 + 0.02 an-sì n 1 mM Mg-ATP, and 0.45 + 0.02 Lms-' in 10 mM Mg-ATP. This is consistent with biochemical studies that show that the binding of ATP is not din-limited: the secondorder on-rate constant of2.5 LM--s-' (Hackney et al., 1989) is perhaps 100-fold smaller than the d on limit and likely arises from a slow isomerization step that follows the initial diffusion-limited encounter (Hackney et al., 1989 (Fig. 7) . The viscosity was then decreased by enzymatically cleaving the dextran in the mixture with dextranase. This decreased the viscosity of visc-mix by more than 10-fold (ij% = 15.2 mN-s-m-2) in a way that minimized other changes in the chemical environment The speed of microtubule translation through dextranase-treated visc-mix increased more than fourfold to 0.87 pmns', close to the translation speed in the absence ofvisc-mix (Fig. 7) . This suggests that even the visc-mix-induced slowing at high kinesin density is caused by an effect of the increased viscosity on the motor rather than a chemical effect of the solutes on the motor.
The forcehvelocty curve
Because linesin always generates a force parallel to the microtubule's protofilament axis (Hunt and Howard. 1993a; Ray et al., 1993) , which very nearly parallels the long axis of the microtubule, the drag force can be calculated from force. The viscosity of the visc-mix solution was measured using a cone-and-plate viscometer and, because the fluid was non-Newtonian (Fig. 2) , the drag force was computed numerically (Appendix B). For each microtubule in Fig. 6 B, the drag force was computed from its length and speed. The resulting "forcevelocity" curve, in which the speed of a microtubule was plotted against the drag force acting on it, shows that the greater the drag force on the microtubule, the slower the speed (Fig. 8) . Within the uncertainty of the data, the speed depended linearly on the viscous force. Kinesin was able to translate microtubules against viscous loads greater than 3.5 pN and, by linear extrapolation, we estimate that the viscous drag force approaches 4.2 ± 0.5 pN as the speed of movement decreases to zero.
Umiting diluion
One of the goals of this study was to measure the force generated by a single kinesin molecule. The kinesin density used for the force-velocity curve was low (1-100 pm-), and we tentatively conclude that the forces correspond to single motors. Indeed, had these low densities been used in the low viscosity assay, we would have seen the pivoting behavior characteristic of movement by single kinesin molecules (Howard et al., 1989; Hunt and Howard, 1993a) . However, for the longer microtubules at high viscosity, the diffusive pivoting of a microtubule about the point where the single kinesin motor is located is too slow to be detected reliably. Force (pN) FIGURE 8 The relaion between the viscous force and the speed of kinesinriven miotubul translation at low kinesin density. The lie is an unweighted least-squares fit to the data, and the extrapolated maximum single motor force is indicated by the arow. The uncertainty in the linear extrapolation was 02 pN, which when combined with the uncertainty of 0.4 arising brom the error in C, gives a total enror of 0.5. The intercept with the ordinate was fixed to be the same as in Fig. 6 B. The data point indicated by the closed circle was assumed to represent movement driven by more than one kiesin molecule and was not used in the least-squares fiL The surface density of kinesin was at or below 100/pzn2 in the assays used to constuct this figure. Inset figure shows the fore-velocity relaion recallated according to different speed profies: the tiangles correspond to a constant speed (Fig. A) , whereas the squares cmespond to the exponetal profile of Fi 10 C (see Discussion).
Because this most important criterion for single-motor motility was not available in the high viscosity assay, we obtained additional, independent evidence that the motion was caused by single kinesin molecules.
The first strong indication that the motion at low kinesin density and high viscosity was caused by single molecules came from the smoothness of the motion at the lowest kinesin densities (Fig. 5 C) . As the kinesin density was reduced from high to intermediate, the speed of microtubule movement became more variable as it became slower (Fig. 5, A and B) . This variability in speed at intermediate kinesin densities is consistent with a vanability in the number of motors moving the microtubule: if the average number of motors moving a microtubule were only two or three, then we would expect that as the microtubule moved across the surface the number of motors would vary, sometimes decreasing and sometimes increasing. If the drag force is significant compared with the single-motor force, we might then expect the speed to decrease and increase as the number of motors cooperating in the movement decreased and increased. On the other hand, if the motion were caused by a single motor, then we would expect a smooth, stereotyped motion. The increase in variability of the speed from high to intermediate kinesin density (Fig. 5 B) , followed by the decrease in variability at the lowest kinesin densities (Fig. 5 C To obtain further evidence that at low kinesin density microtubules were indeed translated by single kinesin molecules, we estimated the force necessary to stop movement as a function of the kinesin density (Fig. 9) . As the kinesin density was decreased below 1000 p.m2, the force also decreased. But when the kinesin density was decreased below 100 P.m-2, no further decrease in force was apparent. This 20 . Kinesin Density (,mr-2) FIGURE 9 The extrapolated maximum force (determined as shown in Fig. 8 ) decreased to a minimum value of 4-5 pN as the kinesin density was decreased below lOO4um2. The point indicated by the arrow was caulated using the data shown in Fig. 6 B. asymptotic behavior indicates that a minimum force level has been encountered; therefore, we interpret this force, approximately 4-5 pN, as the single-motor force.
DISCUSSION
The force exerted by a single kinesin m lecul
The movement of microtubules across glass surfaces sparsely coated with kinesin was perturbed by raising the viscosity of the solutions. In high viscosity solutions, the longer microtubules moved more slowly than the shorter ones, indicating that the decrease in the speed of movement was caused by the viscous drag force acting on the microtubule, rather than by a chemical effect of the solution on the motor. The speed of movement of a microtubule depended linearly on the drag force acting on the motor (Fig. 8) . At the lowest kinesin density, where dilution experiments indicated that the movement was caused by single kinesin molecules (Fig. 9) , extrapolation of the linear relationship yielded a maximum time-averaged drag force of 4.2 0.5 pN per motor (mean ± experimental SE). We believe that this force corresponds to the largest steady-state (or isotonic) force that a single kinesin molecule can exert against a viscous load.
One possible reservation is that because the kinesin molecules adsorbed to the surfaces with random orientations, this force might be an underestimate because of non-optimally oriented kinesin molecules. However, the extreme torsional flexibility of kinesin (Hunt and Howard, 1993a) makes it unlikely that the motor's force depends strongly on the motor's orientation. Nevertheless, it is sfill possible that the deviations of the points from the regression line in forcevelocity data (Fig. 8) are caused by heterogeneity of kinesin molecules; if this is the case, the strongest motors might produce forces up to 6 pN. Another issue is that the majority of the microtubules used in these experiments had 14 protofilaments and are expected to rotate (Ray et al., 1993) . But the rotation is so slow that the force required to overcome the rotational drag (Appendix A) is only about 4% of that required to overcome the translational drag; therefore, we have ignored the rotatory component.
A second, perhaps more serious concern is the uncertainty in the estimation of the viscous force acting on a microtubule. Because the diameters of the solute molecules (3.5, 6.4, and 16 nm) were not small in comparison with the diameter of the microtubules (-30 nm), we could not assume that the macroscopic viscosity of the solution, as measured with a cone-and-plate viscometer, was applicable for calculating the drag force acting on the microtubule. Therefore, we measured the "microscopic" viscosity by measuring the Brownian motion of microtubules in the visc-mix solution and found good agreement with the macroscopic viscosity (Table 1 ). In particular, we found no evidence that visc-mix displayed gel-like behavior. Another potential source of uncertainty in the drag force was the "wall effect" caused by the proximity of the microtubules to the kinesin-coated surface. To circumvent this problem, we directly measured the drag coefficient from the diffusion of microtubules tethered at the same distance from the surface by kinesin molecules. This (Ishijima et al., 1994) , optical btaps (Block et al., 1990; Fmer et aL, 1994; Kuo and Sheetz, 1993; Svoboda et al., 1993) , and flexible faments (Gittes et aL, 1994) place elastic loads on the motor, the centifugal microscope imposes an inertial load (Oiwa et al., 1990; Hall et al., 1993) (Gittes et al., 1994) . The motor force can be calculated from the length of the segment of micotubule that buckles and the known flexural rigidity or bending stiffness of the mirotubules (Gittes et al., 1993 velocity in terms of molecular parameters, and we ask whether these predictions are consistent with our measurements. We consider four specific models, two "ratchet" models in which dicted motion arises from the rectifiction of diffsion of either the microtubule or the motor, and two "power stroke" models in which the motor is assumed to contain an elastic element that suddenly shortens and becomes stained. Only the ratchet model that relies on microubule diffusion can be ruled out by our data The other ratchet model (similar to the Huxley, 1957 model) and the power-stroke models cannot be excluded by the present results.
To discuss the force-velocity relation for a viscous load, we assume for simplcity that the solution is Newtonian. The consequences of the non-Newtonian nature of visc-mix are considered in Appendix D. First, we note that in our assay the only force loading the motor is the viscous force F, (t) = Fd, (t) = ]V(t); (3) there is no exteral elastic load on the motor in our assay, and we can ignore any inertial reaction forces because the Reynolds number is very low (R = pLtn --l0-5, for p -103 kg-m-3, L -10 p.m, q --1 mN+s-m-2, and average speeds v -1 Lm-s-1).
Ratchet models * A filament-diffusion model. This model assumes that it is by diffusion of the filament that the motor gets to the next binding site. This is the " ratchet diffusion" model first formulated for actin and myosin by Braxton (1988) and Braxton and Yount (1989) : to get directed movement, one thinks of the motor molecule as an intelligent, or "cool" pawl (Feynman et al., 1964) that permits the filament (the ratchet) to move only in the preferred direction. Braxton postulated that the directed motion was caused by cooperative interactions between different motors moving the one filament. Subsequently, Vale and Oosawa (1990) postulated that the directed motion was caused by temperature differences between the motor and the filament: they called this the "thermal ratchet" model. As pointed out by Leibler and Huse (1993) , this heat-engine idea of Vale and Oosawa (1990) cannot work because the diffusion of heat is so rapid over the dimensions of a protein that the postulated thermal gradients would dissipate within picoseconds, a timescale much faster than the microsecond to millisecond timescales of the transitions between the different chemical states of the motor.
The filament-diffusion model is not well defined in molecular detail: for example, how ATP hydrolysis is coupled to the motion is not specified. Nevertheless, the model is appealing because it takes only a very short time for a filament to diffuse a distance equal to the size of a protein subunit: the time that it takes a moderately long microtubule (say 10 p.m, Fig. 4 ) to diffuse 8 nm in a low viscosity medium is only 0.5 ms (C11rgLd2/2kT), which is very short compared with the cycle time (-10 ms, the inverse of the rate of ATP hydrolysis). Thus, in low viscosity solutions, the speed of the motordriven motion is compatible with an underlying diffusive process (Braxton, 1988; Braxton and Yount, 1989) . However, as the viscosity is increased the diffusional time will increase, and we expect the speed of movement to decrease. In this way, the model can be tested.
In Appendix C, we derive an expression for the speed as a function of drag force: the maximum force is 2kT/d, where d is the step size. Substituting d = 8 nm (see Introduction) yields (f)n = 1 pN, which is much smaller than the measured value (Fig. 8) . Indeed, even if we use the infinite-shear viscosity of visc-mix to calculate the drag force, the data of Fig. 8 are compatible with (F) = 1.8 pN. Thus, if the step size is 8 nm, we can rule out this " ratchet" model because itpredicts that the speed in high viscosity solutions would be significantly smaller than we observed. This conclusion is supported by the observations that kinesin can buckle microtubules (Gittes et al., 1993 (Gittes et al., , 1994 that are clamped and, therefore, unable to undergo such diffusive fluctuations, and by the finding of Svoboda et al. (1993) that the average time that kinesin spends detached from the filament is <72 ps. This time is too short for a 10-pm-long microtubule to diffuse through 8 nm, and even too short to diffuse through 4 nm. 0 A motor-diffusion modeL Rather than assuming that the binding site on the microtubule diffuses to the motor, in this model we assume that the motor diffuses to the next binding site. Specifically, we assume that the motor contains an elastic element that undergoes thermal fluctuations: when the spring has become extended through a distance d, the motor binds to the next site on the microtubule whereupon the microtubule starts moving through the fluid to relieve the strain. In this case, the motor is the ratchet and the microtubule (presumably in combination with the motor) is the pawl. TIhis idea originates from Huxley (1957) and was reconsidered by Vale and Oosawa (1990) and Cordova et al. (1992) in terms of a "thermal ratchet" model. We tested the motor-diffusion model by raising the viscosity and, therefore, presumably slowing down the underlying diffusive processes.
In Appendix C, we derive a theoretical force-velocity curve for this model. Our treatment differs significantly from the details of the Huxley (1957) paper: we compute the diffusional time required for thermal motions to stretch the spring within the motor through a distance d (this time is analogous to 1/fof the original Huxley, 1957 model), as well as the time after binding for the microtubule-motor complex to relax in the viscous solution to the unstrained position, whereupon it releases (analogous to llg). These times place bounds on the motor speed. With a step size of 8 nm, a spring constant of 1 mN/m gives a maximum force of 4 pN, consistent with our force-velocity curve. The motor-diffusion time in 70%o visc-mix is about 5-10 mis, consistent with the slight decrease in the speed of short microtubules in the lowkinesin-density assay (Fig. 6 B) , and of all microtubules moved in the high-kinesin-density assay (Fig. 6A , where we expect the number of motors is high enough to overcome the drag force on the microtubule). In 90%o visc-mix, the diffusional time is expected to be about 30 ms: this is consistent with the slow movement of the microtubules shown in Fig.  7 in the high-kinesin-density assay. We predict that in low viscosity solutions the diffusional time would only be about 0.1 ms. Thus, the motor-diffusion model is consistent not only with data obtained at low kinesin density and high viscosity, but it also exiplains simply the viscosity dependence seen in the high-kinesin-density assays. The important point is that even in high viscosity solutions, thermal fluctuations of the motor are sufficiently rapid for the motor to pick up the required strain in a time consistent ith the measured speeds. An earlier attempt by Eisenberg and Hill (1978) to rule out the Huxley (1957) model made the argument that the predicted motions were too slow; however, these authors used an unrealistic value for the thermodynamic efficiency of muscle (83%), and if a more well accepted value of 50% is used, their argument breaks down.
Power-stroke models Our data are also consistent with power-stroke models. These models assume that the motor contains an elastic element (of stiffness K) which, while attached to the microtubule, suddenly shortens through a distance R (not necessarily equal to the step size d) and becomes strained. Directed motion results when this strain is relieved as the motor relaxes. The primary difference between the power-stroke models and the motor-diffusion model is that strain is developed after binding in the former models rather than before binding as in the latter model. We consider two different examples of powerstroke models and show that both predict linear forcevelocity curves with maximum forces consistent with our data; although neither explain why the maximum speed in the high-kinesin-density assay is decreased at high viscosity. * Leibler and Huse model. Our results are consistent with a model solved by Leibler and Huse (1991, 1993 (Huxley, 1981) . This gives rise to the so-called Fenn effect (Bagshaw, 1993) : the smaller the load, the greater the speed, and the greater the hydrolysis rate. This model is also solved in Appendix C: our measured maximum force of 4 pN is consistent with the model with K = 1 mN-m-l, d = 8 nm, and 8 = 10 nm (again these are not unique solutions because 8 could be larger and K smaller).
Efficiency of the motor
The work done per power stroke is on the order of (F)md (Appendix C), or 32 x 10-21 J for the escapement model. In a motility assay, a microtubule can be modeled as a long cylinder (length L) whose axis is parallel to a wall and at a height h above it The fluid motion can be tated as creeping flow (i.e., vanishing Reynolds number). Because the cylinder is very close to the wall compared with its length (LIh >> I f the drag per unit length is essentiay the same as if the cylinder had infinite length. We pause to elaborate on this assertion.
For the motion of an infinite cylinder, the viscous drag arises almost entirely from shear dissipation taking place in the immediate vicinity of the cylinder, primarily between the cylinder and the wall (see Fig. 10 ). The viscous dissipation per vohlue falls off quickly, as the inverse fourth power, far from the cylinder-wall gap. In our case, this gap is about 10 nm (Hunt and Howard, 1993a) . The localized dissipation implies that the total drag on a microtubule thousands of nanometers long, close to a wall, is essentially the same per unit length as if the length were infinite. Near the ends (tens of nanometers away), the drag per length might be less, but the length itself is uninown to this accuracy.
We risk belaboring this point because the situation is quite different when no wall is present In such a case, the velocity profile near the microtubule falls off only logarithmically, and the drag per length of an infinite cylinder is undefinable (see Section 2).
The drag coefficients c1, cl, and c, denote the drag force per unit velocity per unit length of an infinite cylinder near a surface. They apply to creeping flow (ie, vanishingly low Reynolds number), either steady or unsteady.
(A2), (A3), and (A4) were originally derived by Jeffrey and Onishi (1981) and independenfly by F. Gittes (Broersma, 1960a, b) Table  IL where -y is denoted by 6 ) whose numerical results differ from and might be more accurate than the formulae ofBroersma. Forp = x, they find similr limig valu s = -0.20, -y = 0.84, and -y, = -0.662. Other relevant referenes can be found in Tirado and Garcia de la Torre (1979 Torre ( , 1980 (B1) This equatimn is to be solved in the (y)y-pae perpedicular to the cylider, for the velocity t(x, y) in the dirn parallel to the cylinder. The boundary conditions are that v = 0 on the walL y = 0, and v = V on the cylinder, X2 + (y -h)2 = r2
We first note that in the Newtonian case, where r1 is independent of s, (B1) simply becomes Lplace's equaton, V2v = 0. The solution with correct boundary conditions is easily found by superption of inages, 
APPENDIX D. ERRORS ARISING FROM THE NON-NEWTONIAN BEHAVIOR OF VISC-MIX
As mentoned earlier, the non-Newtonian behavior of visc-mix causes the time-averaged drag fore to depend on the profile of the istantaneous speed during the cycle tme. Thus, the fixce-velocity curve deducd from our experiments is model-dependenL The force-velocity curve shown in Fig. 8 was derived assuming that the mirotubule moves at constant velocity during the moving phase of the cycle (t), and issationary during t (Fig. 11  B) . Had we assumed instead that the microtubmue moved at a constant speed throughout the cycle (Fig. 11A ), the rightnd curve in Fig. 8 (iuset (Fig. 11 C) , the left-hnd cuve in Fig.  8 
